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ABSTRACT
Previous studies indicate that assembly bias effects are stronger for lower mass dark matter
haloes. Here we make use of high resolution re-simulations of rich clusters and their surround-
ings from the Phoenix Project and a large volume cosmological simulation, the Millennium-
II run, to quantify assembly bias effects on dwarf-sized dark matter haloes. We find that,
in the regions around massive clusters, dwarf-sized haloes ( [109, 1011]h−1M⊙) form earlier
(∆z ∼ 2 in redshift) and possess larger Vmax (∼ 20%) than the field galaxies. We find that this
environmental dependence is largely caused by tidal interactions between the ejected haloes
and their former hosts, while other large scale effects are less important. Finally we assess
the effects of assembly bias on dwarf galaxy formation with a sophisticated semi-analytical
galaxy formation model. We find that the dwarf galaxies near massive clusters tend to be red-
der (∆(u−r) = 0.5) and have three times as much stellar mass compared to the field galaxies
with the same halo mass. These features should be seen with observational data.
Key words: methods: N-body simulations – methods: numerical –dark matter galaxies:
haloes
1 INTRODUCTION
Halo assembly bias describes the phenomenon that the clustering of
dark matter halo depends not only on their halo mass but also on the
properties, such as formation time, concentration parameter, spin
and substructure fraction (e.g. Gao et al. 2005; Harker et al. 2006;
Wechsler et al. 2006; Gao & White 2007; Jing et al. 2007; Li et al.
2008). For a given halo mass, earlier-forming dark matter haloes
are more strongly clustered. The difference in clustering with for-
mation time becomes larger as halo mass decreases (e.g. Gao et al.
2005). These results contradict the standard excursion set theory
of structure formation and the theory behind the so-called halo oc-
cupation distribution model, in which the galaxy content of a halo
is assumed to be statistically independent of its large scale envi-
ronment (e.g. Jing et al. 1998; Peacock & Smith 2000; Yang et al.
2003).
A number of theoretical studies have been carried out to un-
derstand this phenomenon (e.g. Wang et al. 2007; Sandvik et al.
2007; Desjacques 2008; Wang et al. 2009; Dalal et al. 2008;
Hahn et al. 2007, 2009; Ludlow et al. 2009; Tinker et al. 2011;
Lacerna & Padilla 2011, 2012). For example, Wang et al. (2007)
found that old low mass haloes tend to reside next to massive
haloes. The larger velocity dispersion and local tidal field around
clusters may suppress the halo growth of the small haloes. Fur-
thermore, numerical simulations show that a fraction of indi-
vidual haloes with highly eccentric orbits around more massive
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systems are former members of the system that have been ex-
pelled. (e.g. Balogh et al. 2000; Benson 2005; Wang et al. 2009;
Bahe´ et al. 2012; Sales et al. 2007). These haloes can lose a sub-
stantial fraction of mass, during their passage through the larger
system, which naturally induces a form of assembly bias. An sim-
ilar effect, which is often referred to as ”pre-processing” (here-
after PREP), comes from interactions between low mass haloes
and infalling groups in the regions around clusters(Berrier et al.
2009; McGee et al. 2009). On the observational side, a number
of studies explore the assembly bias. Results are controversial,
some studies claim its existence (e.g. Yang et al. 2006; Wang et al.
2008; Cooper et al. 2010; Tinker et al. 2012; Kauffmann et al.
2013; Wang et al. 2013; Wetzel et al. 2013), while others claim it
is non-significant(e.g. Blanton & Berlind 2007; Tinker et al. 2008;
Skibba & Sheth 2009).
In this work, we explore assembly bias effects on the prop-
erties of dwarf-sized dark matter haloes, taking advantage of ex-
tremely high resolution re-simulations of rich clusters and their
surroundings from the Phoenix Project and the cosmological vol-
ume Millennium-II simulation. These simulations resolve very low
mass dark matter haloes for which assembly bias effects are ex-
pected to be strong. Furthermore, we distinguish different origins
of assembly bias according to the assembly history of haloes. In
addition, we assess the consequences of assembly bias on dwarf
galaxy formation using a sophisticated semi-analytical galaxy for-
mation model(hereafter SAM).
The structure of the paper is as follows. In section 2, we de-
scribe briefly the numerical simulations, halo samples and galaxy
c© 0000 RAS
2 Ran Li et al.
formation model used in this study. In section 3, we present results
of assembly bias effects on various properties of dwarf-sized dark
matter haloes. In section 4, we explore how assembly bias affects
the dwarf galaxy properties. Finally we summarize and discuss our
results in section 5.
2 METHOD
2.1 Numerical simulations
Numerical simulations used in this work comprise high resolu-
tion re-simulations of 9 individual rich clusters and their sur-
roundings from the Phoenix Project (Gao et al. 2012) and a high
resolution cosmological simulation – the Millennium-II (MSII,
Boylan-Kolchin et al. 2009). The dwarf-sized haloes near the
Phoenix cluster regions are used as our high density environment
halo sample, while those in the MS-II represent the haloes in the
field.
Each Phoenix cluster has been simulated at different resolu-
tions in order to facilitate numerical convergence studies. Here, we
use the simulations with level 2 resolution which contains about
108 particles inside the virial radius of each cluster. The least mas-
sive dwarf-sized haloes considered in this work (109h−1M⊙) are
resolved with more than 200 particles. The MS-II run evolved
21603 particles of mass mp = 6.9 × 106 in a periodic box
of 100h−1Mpc on a side. Hence the mass resolutions of the
MS-II and the Phoenix Project are comparable. All these sim-
ulations adopt identical cosmological parameters from a com-
bination of 2dFGRS (Colless et al. 2001) and first-year WMAP
data (Spergel et al. 2003), Ωm= 0.25, Ωb=0.045, ΩΛ = 0.75,
ns = 1, σ8 = 0.9, and H0 = 73kms−1Mpc−1. These
cosmological parameters deviate slightly from the latest CMB
results(Hinshaw et al. 2012; Planck Collaboration et al. 2013). The
small offset is of no consequence for the topic addressed in this
paper because the detailed structure of dark matter haloes de-
pends only weakly on the cosmological parameters(e.g. Duffy et al.
2008).
Dark Matter haloes in our simulations are identified with stan-
dard friends-of-friends(FOF) group algorithm with a linking length
0.2 times the mean inter-particle separation (Davis et al. 1985).
Based on group catalogue, we further identify self-bound substruc-
tures within FOF haloes using SUBFIND (Springel et al. 2001)
and construct merger trees tracing subhaloes between snapshots
(Springel et al. 2005; Boylan-Kolchin et al. 2009). For a halo at
z=0, its main progenitor at z = z′ is defined as the subhalo which
contains the largest fraction of its particles.
The assembly history of small dark matter haloes in massive
rich cluster regions is complicated. We divide the Phoenix haloes
into three separated samples according to the different formation
path: 1) A clean halo sample (hereafter CLEAN) comprising dark
matter haloes which have never be accreted as a subhalo of a more
massive FOF group at any redshift; 2) An ejected halo sample
(hereafter EJECT) comprising dark matter haloes which were iden-
tified at least once as a subhalo of the main progenitor of one of the
Phoenix cluster haloes. 3) A pre-processed halo sample (hereafter
PREP) comprising dark matter haloes which were identified at least
once as a subhalo of a FOF group other than the main progenitor of
one of the Phoenix cluster haloes.
Since the Phoenix project is a set of ”zoom-in” re-simulations,
only a very small fraction of whole volume is filled with high res-
olution particles, and the rest of the density field is sampled with
low resolution particles. For such ”zoom-in” simulations, low reso-
lution particles often mix with high resolution ones at the boundary
of the high density regions. It is important to identify the region
where halo samples are free from contamination by low resolution
particles. We find that, for all simulations, there is no contamination
for dark haloes within 3r200 of the dominant clusters. Here r200 is
defined as the radius at which the enclosed density is 200 times of
the critical density of the universe.
In Fig. 1, we plot the fraction of these three halo samples in
the Phoenix simulations as a function of scaled radius r/r200 for
two halo mass ranges [109, 1010]h−1M⊙ and [1010, 1011]h−1M⊙.
As can be seen clearly from the left-hand panel, EJECT haloes
dominate the whole population close to the virial radius, where
about 80 percent of dark matter haloes have once been a mem-
ber of the Phoenix clusters. The fraction of EJECT haloes drops
rapidly with increasing radius and these haloes no longer dominate
the population outside 2r200. At the larger radii, the CLEAN sam-
ple dominates. The PREP sample accounts for 20 percent of the
whole population outside 2.5r200 and gradually drops to 5 percent
at r200. The right panel shows results for more massive haloes in
the mass range [1010, 1011]h−1M⊙, where the respective fractions
of 3 populations are very similar to those of lower mass haloes
as shown in the left panel. Our results are consistent with those
of Wang et al. (2009) and Bahe´ et al. (2012) who found a similar
fraction of EJECT haloes in their simulation, although for more
massive haloes, suggesting that the fraction of ejected haloes are
largely independent of halo mass.
In following sections, we will only consider haloes with
cluster-centric radii of [1.5, 3]r200. We consider this specific range
for two reasons. 1) 3r200 is the radius inside which the re-
solved dark haloes do not suffer from contamination from heavy
particles. 2) 1.5r200 is roughly the scale of FOF groups corre-
sponding to Phoenix clusters. In these volumes around the nine
Phoenix clusters, there are a total of 46000 haloes within mass
range [109, 1011]h−1M⊙, and the fractions of the CLEAN, PREP,
EJECT haloes are 45%, 15%, and 40%, respectively.
2.2 Semi-analytical galaxies
In order to assess the effect of assembly bias on dwarf galaxy
formation, we use the semi-analytical galaxy formation model of
Guo et al. (2011, hereafter G11) to derive galaxy properties. With
MS and MS-II simulations, the G11 SAM model well reproduces
various observed galaxy properties. In particular, it reproduces the
stellar mass function of the Universe across 5 orders of magnitude.
In this work, we also apply the SAM on the Phoenix simulations.
Galaxy formation and evolution is subjected to environmen-
tal effects which are reasonably modeled in the G11 SAM. For
galaxies forming in the CLEAN haloes, the environmental depen-
dence is expected to come from the halo growth history. For ex-
ample, in high density environments, the high velocity dispersion
of dark matter particles and the local tidal fields may suppress the
growth of low mass haloes (e.g. Wang et al. 2007; Dalal et al. 2008;
Hahn et al. 2009), and suppress the gas accretion in these haloes.
For the PREP and the EJECT halo samples, additional effects come
from interactions with their former host haloes. When a dark mat-
ter halo is accreted by a larger system, tidal forces strip both its
baryonic and dark matter components. In addition, ram pressure
strips the hot gas component. Both mechanisms suppress star for-
mation and influence galaxy properties. Below, we briefly describe
the physical prescriptions of these two effects in the G11 model.
In the G11 model, the hot gas distribution in subhalo is as-
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Figure 1. Fraction of EJECT , PREP and CLEAN haloes as a function of cluster-centric distance r, expressed in units of viral radius r200. Solid lines correspond
to the EJECT sample, dotted lines are for the PREP sample and dashed lines are for the CLEAN sample. Left panel shows result for [109, 1010]h−1M⊙, and
right panel for [1010, 1011]h−1M⊙.
sumed to parallel that of the dark matter. Since the tidal force is
identical for both components, the fraction of the stripped hot gas
is in proportion to that of the dark matter. The latter has already
been followed in the original N-body simulation. Thus, we have
Mhot(Rtidal)
Mhot,infall
=
MDM
MDM,infall
, (1)
where MDM and Mhot are the dark matter and the hot gas masses
of the subhalo, while MDM,infall and Mhot,infall are the masses of
these two components at the time of infall. If we assume that the
hot gas follows a r−2 profile, the tidal radius can be written as:
Rtidal =
(
MDM
MDM,infall
)
RDM,infall, (2)
where RDM,infall is the viral radius of the subhalo at its infall. Be-
yond the tidal radius, the hot gas is assumed to be stripped off.
Unlike tidal stripping, ram pressure stripping only exerts on
the hot gas component. The gas pressure of a host halo at radius R
is ρhot(R)V 2orbit, where ρhot(R) is the hot gas density and Vorbit
is the orbit velocity at R. The self-gravity of the subhalo balances
the host halo hot gas pressure at radii Rr.p., i.e.
ρsat(Rr.p.)V
2
sat = ρpar(R)V
2
orbit, (3)
where ρsat(Rr.p.) is the hot gas density of the satellite at radius
Rr.p., Vsat is the virial velocity of the subhalo at infall (which
is assumed to be constant as the subhalo orbits around the main
halo). The ram-pressure dominates over gravity beyond Rr.p. and
removes the hot gas of subhaloes outside the radius. Therefore, the
final stripping radius is defined as:
Rstrip = min(Rtidal, Rr.p.) . (4)
The stripped gas is added to the hot gas component of the host halo.
In the G11 model, stripping does not modify the gas profile within
Rstrip. Thus the cooling rate onto the center is not affected imme-
diately. However, removal of the hot gas suppresses gas cooling
and quenches star formation eventually. We refer readers to G11
for more details.
3 HALO PROPERTIES
In this section, we present the properties of dwarf-sized dark matter
haloes in the Phoenix simulations and compare them to those of
MS-II.
3.1 Mass function
We first examine whether the shape of the halo mass function in
the regions around the Phoenix clusters differs from the cosmic
mean derived from the MS-II simulation. The amplitude of the
halo mass function is expected to be higher in cluster regions be-
cause of the higher density, but it is not clear whether the shape
of the mass function changes with environment. To this end, we
show in Fig. 2 the halo mass function in the specified volumes of
the Phoenix and the MS-II simulations. The black solid line cor-
responds to the mass function of all surrounding haloes residing
within [1.5, 3]r200 (full sample) of the 9 Phoenix clusters, and the
dashed black line stands for the halo mass function of the MS-II
simulation. For easier comparison, we rescale the MS-II mass func-
tion vertically (yellow dashed line) to match the amplitude of the
full Phoenix sample. Clearly, the slopes of the two halo mass func-
tions are identical in all shown halo mass ranges except for the
high mass end, where the Poisson noise is largest. We also show
the mass functions of CLEAN, EJECT and PREP samples sepa-
rately with different lines. Again, there is no apparent difference at
the low halo mass end, while the mass function of EJECT sample
is steeper above halo mass 1011h−1M⊙. This may reflect the fact
that the massive haloes in the EJECT sample suffer strong stripping
effect and lost substantial fraction of mass during interaction with
massive clusters.
c© 0000 RAS, MNRAS 000, 000–000
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Figure 3. Formation time distribution of dark matter haloes. Dotted lines: CLEAN sample; solid lines: EJECT sample; dash-dotted lines: PREP sample; dashed
lines: MS-II. The left panel shows the result for [109, 1010]h−1M⊙ haloes while the right panel shows the result for [1010, 1011]h−1M⊙ haloes.
Figure 2. Halo mass functions. Black solid line: mean mass function in
the regions around the 9 Phoenix clusters([1.5, 3]r200); blue line: CLEAN
sample; red line: EJECT sample; green line: PREP sample. The black
dashed lines show the mass function of MS-II. In order to compare the
shapes of halo mass function, we rescale the amplitude of the MS-II mass
function vertically to match that of the full sample of the Phoenix(yellow
dashed line).
3.2 Halo assembly history
We show the formation time distribution of dark haloes in different
simulations and for different halo samples in Fig. 3. Here we define
the halo formation time to be the epoch at which the main progen-
itor of the halo reaches the half of its present day mass. The re-
sults are shown for two halo mass ranges: [109, 1010]h−1M⊙ (left-
hand panel) and [1010 , 1011]h−1M⊙ (right-hand panel). Com-
pared to the MS-II haloes, the haloes in the regions around the
Phoenix clusters form earlier. For haloes in the mass range of
[109, 1010]h−1M⊙, the median formation time is about z ∼ 4.5
for the Phoenix haloes, while it is at a much later redshift z ∼ 2.5
for the MS-II haloes. We also show the formation time distribution
for our three Phoenix halo samples. The median formation redshift
of the CLEAN sample, z ∼ 3, is only slightly larger than MS-II
average, while the PREP and EJECT samples forms much earlier
than the MS-II sample. In the right panel, we show that the results
for more massive haloes have the same trend.
We further explore the assembly history of the haloes in the
two mass ranges for different samples. In Fig. 4, we plot the growth
history of haloes as a function of redshift. The growth history of the
halo is defined as the ratio of its mass at redshift z to its present day
mass, M(z)/M(0). For different halo samples, the median values
of M(z)/M(0) are shown with different lines. For the CLEAN
haloes, their mass increases monotonically with time and their as-
sembly is only slightly earlier than that of the MS-II haloes. The
EJECT haloes acquire their mass much earlier than the other two
samples. Statistically, EJECT haloes reach their maximum mass,
which is 40 percent more than their present day value, at redshift
z ∼ 1.2, then lose a significant fraction of mass afterwards due to
their interactions with the clusters. The same is true for the PREP
sample, except for the peak mass. On average, the Phoenix dwarf-
sized haloes are 20 percent more massive than the MS-II haloes at
z ∼ 1, reflecting the fact that most interactions occur after redshift
2. The results for our two different mass ranges are similar.
3.3 Halo structure
To examine how assembly bias affects halo structure, we plot the
maximum circular velocity of dark matter haloes, Vmax, as a func-
tion of the halo mass for different halo samples in Fig. 5. For a
given mass, the Vmax of a halo is a proxy for its concentration.
More concentrated haloes have larger Vmax. For the dwarf-sized
haloes of the Phoenix simulations, the median Vmax value is 20
c© 0000 RAS, MNRAS 000, 000–000
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Figure 4. Halo mass growth history as a function of redshift. For each curve, median values are shown. Dotted lines: EJECT sample; solid lines: CLEAN
sample; dash-dotted lines: PREP sample; dashed lines: MS-II haloes. Left panel shows results for haloes in mass range [109, 1010]h−1M⊙ while right panel
shows the results for [1010, 1011]h−1M⊙ haloes.
percent larger than that of the MS-II haloes. The differences are
noticeable yet very small between the CLEAN sample and the MS-
II sample. The median Vmax values of PREP and EJECT haloes are
30% and 25% larger than that of MS-II haloes. Recent studies (e.g.
Gao et al. 2012) show that while the tidal force removes a signifi-
cant fraction of dark matter from the subhalo, it only reduces Vmax
slightly. Thus, the larger Vmax in the Phoenix haloes may reflect
the fact that these haloes were more massive in the past and inter-
actions with larger haloes do not reduce their maximum circular
velocity significantly. On the other hand, the small difference be-
tween the CLEAN sample and MS-II sample implies that the direct
influence from large scale density field and large scale tidal field on
the structure of dwarf-sized haloes is weak.
Note that, while the assembly bias effects shown above are
mainly due to tidal interactions between the ejected haloes and
their former hosts, it doesn’t mean that the assembly bias seen
in the clustering of haloes is also dominated by this mechanism.
Dalal et al. (2008) argued that at the low mass end, the assembly
bias in the clustering of haloes is due to the formation of a non-
accreting population of haloes in the vicinity region of massive
haloes. However, Keselman & Nusser (2007) found that assembly
bias in the clustering of haloes is still present even after excluding
the non-linear effects such as tidal disruption. Wang et al. (2009)
investigated the properties of ejected haloes in mass range from
1011 to 1012h−1M⊙, and found that though the ejected haloes have
a much higher halo bias than the field haloes, they can not fully ac-
count for the assembly bias in the clustering of haloes because of
their low abundance (less than 10%). The large scale environmen-
tal effects such as large scale tidal field also play an important role
in assembly bias in the clustering of haloes(e.g. Wang et al. 2007;
Hahn et al. 2007, 2009).
Figure 5. Vmax-M200 relation for dark matter haloes. Median values are
shown for different halo samples. Black solid: the full Phoenix sample; red:
EJECT sample; green: PREP sample; blue: CLEAN sample; black dashed
lines: MS-II haloes.
4 GALAXY PROPERTIES
As shown in the previous sections, assembly bias affects the prop-
erties of dark matter haloes significantly. It may in turn influence
galaxy properties such as halo occupation, color, etc. In this work,
We explore the effects of assembly bias on the properties of dwarf
galaxies in the galaxy formation model of Guo et al. (2011), which
incorporates all the necessary baryon physics.
We divide the Phoenix galaxies into different categories ac-
cording to their host halo samples. We refer to the galaxies in
c© 0000 RAS, MNRAS 000, 000–000
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Figure 6. The stellar mass function for galaxies whose host haloes are in
the mass range [109, 1011]h−1M⊙. Solid lines: Phoenix galaxies; dashed
line: MS-II galaxies. The MS-II stellar mass function is scaled to match the
amplitude of the Phoenix stellar mass function at 108h−1M⊙.
Figure 7. The median stellar mass-halo mass ratio as a function of stellar
mass for EJECT(red), PREP(green) and CLEAN(blue) galaxies. The black
solid line shows the result of the full Phoenix dwarf haloes. The MS-II result
is shown with a black dashed line.
the EJECT, PREP and CLEAN haloes as the EJECT, PREP and
CLEAN galaxies, respectively. Here we also use the MS-II galaxy
catalog of G11 to represent the galaxy population in the field. For a
fair and easy comparison, we only consider galaxies which reside
in the haloes considered in previous sections, i.e. within the mass
range of [109, 1011] h−1M⊙.
Fig. 6 shows the stellar mass functions of galaxies. In order
to compare the shapes of the stellar mass functions in different
halo samples, we normalize these curves at the same stellar mass
scale 1× 108h−1M⊙. Clearly the stellar mass functions of differ-
ent samples have identical shapes at the low mass end but start to
differ at the stellar mass of log(Mstar) ∼ 8.6. At the high mass
end, the slope of the stellar mass function is flatter for the galax-
ies in the regions around clusters. The difference becomes larger as
mass increases. For Phoenix galaxies, the stellar mass function of
EJECT galaxies has very flat slope at the high mass end, and the
mass function of CLEAN galaxies roughly follows that of MS-II.
The difference of the stellar mass functions at the high mass end
between Phoenix and MS-II galaxies is caused by our restriction
on the host halo mass range. Since tidal striping causes significant
mass loss in EJECT and PREP haloes, galaxies near clusters oc-
cupy less massive haloes than the field galaxies of the same stellar
mass (also see Fig. 7). Therefore, for a given upper mass limit of
haloes, the fraction of massive galaxies is larger for the Pheonix
sample. Note that, without the restriction on the halo mass, the
shape of stellar mass function of the two simulations will be very
similar, in agreement with observation results of Calvi et al. (2013).
We show in Fig. 7 the ratio of stellar mass to halo mass as a
function of halo mass for the Phoenix (black solid) and MS-II sim-
ulations (black dashed). The ratios for both simulations have very
similar power law relations with halo mass, while the amplitude of
the former is a factor of 2 higher. The results for our 3 samples of
Phoenix galaxies are also shown in the same plot. For a given halo
mass, the median stellar mass fraction of the EJECT halo sample
is a factor of 5 higher than that of the MS-II halo sample. This
can be easily understood within the SAM framework that the stel-
lar component of a dwarf galaxy changes little even when a large
fraction of the dark matter is stripped. For the CLEAN sample, the
stellar mass to halo mass ratio is only about 10 percent higher than
that of the MS-II, suggesting that the environmental dependence
of the dwarf galaxies mainly comes from the tidal interactions
between the ejected haloes and their former host haloes. Recent
work by Wetzel et al. (2013) explored the stellar mass-halo mass
ratio using the abundance matching method. For galaxies in the
[109, 1011h−1M⊙] stellar mass range, they find this ratio for the
ejected galaxies is 2.5 times higher than that of field galaxies. This
is similar to the results found in our work for lower mass galaxies.
We expect that this environmental dependence can be measured
with future galaxy-galaxy lensing surveys (Li et al. 2013).
As discussed before, interactions with massive haloes remove
the hot gas and therefore suppress star formation activity, which
in turn may affect the color of galaxies. In Fig. 8, we compare the
SDSS u-r color for the Phoenix and MS-II galaxies. Dwarf galaxies
near Phoenix clusters are on average ∼ 0.5 magnitudes redder than
MS-II galaxies, while the color distribution of the CLEAN galaxies
is almost the same with that of MS-II galaxies. We also show the
colors for our three Phoenix galaxy samples separately. The EJECT
and PREP samples are much redder than the CLEAN sample. Com-
bining the results shown in Fig.8 and Fig.7, we expect an enhanced
stellar-halo mass ratio to be seen in the reddest dwarf galaxies near
clusters.
Recent studies show that there might be tension between the
G11 model and observational data. It was shown in Guo et al.
(2011) and Weinmann et al. (2012) that the low mass galaxies in
G11 model are too red. Weinmann et al. (2011) also found that
the galaxies in G11 model seem to form too early. In addition,
Weinmann et al. (2012) showed that though G11 model well re-
produces the red galaxy fraction in clusters for Coma and Perseus,
it fails to explain the low red fraction of faint galaxies in Virgo
cluster, which may be partly due to the treatment of environmental
effects in G11 model. Wang et al. (2013) studied the assembly bias
by investigating the dependence of the clustering of central galax-
ies on the specific star formation rate and found that the observed
c© 0000 RAS, MNRAS 000, 000–000
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Figure 8. Histogram of u-r color for the Phoenix and MS-II galaxies.
Black solid histogram shows color distribution for the dwarf galaxies in
the Phoenix simulations with cluster-centric radii of [1.5, 3]r200 and the
dashed histogram shows galaxies in the MS-II run. The u-r colors for the
CLEAN, EJECT and PREP galaxies are shown as blue, red and green solid
lines, respectively.
assembly bias in SDSS data is weaker than that predicted by the
G11 SAM. These studies suggest that assembly bias effects may
be over estimated by the G11 model. Therefore, it is important to
confront our predictions with real observational data in future.
5 DISCUSSION AND SUMMARY
In this paper, we use the state-of-art dark matter simulations to ex-
plore how assembly bias affects the properties of dwarf-sized dark
matter haloes and their galaxies. We divide our haloes into three
different samples according to their assembly history and investi-
gate the origin of assembly bias effects. We then combine our sim-
ulations with the semi-analytical galaxy model of G11 to examine
how these effects influence the observable properties of galaxies.
Our main results can be summarized as follows:
(i) Among all dwarf-sized haloes distributed in a cluster-
centric range of [1.5, 3]r200 around rich cluster haloes, about 40%
have been accreted by the cluster haloes in the past(EJECT haloes).
The fraction increases with cluster-centric radii decreasing. About
45% of haloes in the same region have ordinary growth tracks, i.e.
have no substantial interactions with larger objects (CLEAN sam-
ple). The remaining 15% of the haloes have been accreted by haloes
other than the cluster haloes in the past (PREP sample). These re-
spective fractions are largely independent of halo mass.
(ii) Dwarf-sized haloes near clusters on average forms earlier
than the haloes in the field by a redshift difference δz ∼ 2. The
maximum circular velocity of dwarf haloes near the clusters is also
20% larger.
(iii) On average, the mass of the EJECT halo sample reaches
a peak at about redshift 1, at ∼ 1.4 times the present day mass.
In contrast, the mass of CLEAN haloes grow monotonically with
redshift.
(iv) For a given halo mass, dwarf-sized haloes near clusters
have three times as much stellar mass compared to the field haloes.
This factor is largely independent of halo mass. Such a difference
may be confirmed by future observations, such as galaxy-galaxy
lensing surveys (Li et al. 2013).
(v) Dwarf galaxies in the regions around clusters are 0.5 mag-
nitude redder than the galaxies in the field.
When considering the different origins of assembly bias, we
find that the differences seen in halo and galaxy properties are
largely due to tidal interactions between the ejected haloes and their
former host haloes, while the influences from the large scale envi-
ronment such as the tidal field and the velocity field are weak. It
should be possible to explore the assembly bias effects on dwarf
galaxies in observations.
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